In this study we introduce in situ Raman spectroscopy as an effective tool to distinguish between reversible and irreversible thiol modifications in L-cysteine, the most critical host for sulphydryls in proteins and enzymes. We place special emphasis on the conditions under which the formation and breakage of disulphide bonds is reversible and produces free thiol groups. Thiol groups from L-cysteine are highly reactive and are frequently converted into disulphide bonds via reaction with mercaptans, including Smethyl methanethiosulfonate (MMTS). It was previously claimed that disulphide groups can be reversibly introduced in and eliminated from L-cysteine in order to restore a free thiol group, using a reductant such as tris(2-carboxyethyl)phosphine (TCEP). Raman spectroscopy is found to effectively monitor the formation and subsequent breaking of disulphide bonds, and demonstrates that although TCEP is effective in breaking disulphide bonds, an excess of TCEP is required to reversibly form free thiol groups from L-cysteine. These results will be critical for cysteine-metal bonding investigations. Our Raman mode assignment in MMTS and TCEP also provides a benchmark for future studies using these compounds.
Introduction
L-Cysteine (Cys) is an amino acid common to many proteins and enzymes, and is of interest due to the presence of a reactive thiol group. Controlled functionalization of thiols in Cys is critical for a variety of applications including detoxication of heavy metals in living organisms, 1 antioxidant capabilities of tissue and mitochondria, 2 blood coagulation in mammals, 3 transport across cell membranes, 4 and electrochemical sensing. 5 Thiol groups (SH) are present on many biologically relevant materials including glutathione and trypanotione, 1, 4 and cysteine-based thiols are widely employed in the formation of disulphide bonds. [6] [7] [8] Disulphide bridges are important tertiary structural elements in proteins such as immunoglobulins, enzymes, hormones, procollagen and albumin. 8 Disulphide bridging between cysteine residues has applications as an intermediate step in glycoprotein synthesis, 6 or to reversibly control the conformation of proteins.
9
Conversion of a free thiol to a disulphide bridge can be accomplished using mercaptans, a family of sulphurcontaining species that includes S-methyl methanethiosulfonate (MMTS). MMTS has been found to be more effective than other oxidants to form disulphides. 10 Reaction of MMTS with thiols such as cysteine residues converts the thiol group to a neutral non-hydrogen bonding methylthio group containing a disulphide bond. 11 This process has been used to introduce disulphide bridges into enzymes, including ethanolamine ammonia-lyase and lactate dehydrogenase where treatment with MMTS modies the catalytic activity. 12, 13 Cleaving disulphide bridges is of comparable interest in protein and enzyme studies, 14, 15 and can be accomplished using a variety of thiol based materials such as mercaptoethanol (b-ME), dithiothreitol (DTT), or 2-nitro-5-thiocyanatobenzoic acid (NTCB) to cleave disulphide bonds. 8, [14] [15] [16] Tris(2-carboxyethyl)phosphine (TCEP) is preferred as a reducing agent in both alkaline and acidic conditions because unlike DTT, it is resistant to oxidation in air and is more hydrophilic.
16,17
Although b-ME, DTT and TCEP have been used for thiol manipulation, in situ spectroscopic studies of the formation and breaking of disulphide bonds in these materials has seldom been reported. Completely reversible modication in an aqueous environment is claimed, and Raman is the ideal tool to investigate this by providing structural information while simultaneously probing for the presence of sulphur containing moieties. 18 Determinations of disulphide concentration in cysteines, 2, 6, 11 as well as the oxidation of TCEP 14, 16, 17 have been reported, but a detailed investigation of the reversible formation and breakage of disulphide bridges in cysteines is lacking. In addition, no investigation of the vibrational structure of TCEP and MMTS has been performed, either individually or where reaction with Cys is concerned. In our study, we utilize Raman spectroscopy to study the interaction of Cys with MMTS and TCEP, and examine if the formation and breakage of disulphide groups is reversible and produces free thiol groups on cysteine. The Raman active modes of MMTS and TCEP are summarized, as well as those of the intermediate reaction products. We show that disulphide bonds are effectively broken by an excess of TCEP to yield free thiols.
Materials and methods
Eight cysteine-based samples were prepared in three steps according to the schematics shown in Fig. 1 . In step (1), a 0.10 M stock solution of L-cysteine (Sigma Aldrich, CAS 59-90-4) was prepared by dissolving in deionized water at room temperature, and stirring for 10 minutes.
Step (2) is the reaction shown in Fig. 1(a) , performed by adding S-methyl methanethiosulfonate (MMTS, Sigma Aldrich, CAS 2949-92-0) to the Cys : H 2 O solution from step (1) followed by 10 minutes of stirring at room temperature. In total three solutions of Cys : MMTS were prepared using molar ratios of 1 : 0.1, 1 : 0.5, 1 : 1.
Step (3) is the reaction shown in Fig. 1 (b) where tris(2-carboxyethyl)phosphine : HCl (TCEP, Sigma Aldrich, CAS 51805-45-9) was further added to the Cys : MMTS solution from step (2), followed by 10 minutes of stirring. In total 4 solutions were prepared in step (3) with Cys : TCEP molar ratios of 1 : 0.1, 1 : 0.5, 1 : 1, and 1 : 2. For Raman measurements, 3 mL aliquots were collected in glass vials and dried at 70 C in air until 1 mL of solution remained.
Unpolarised Raman spectra were recorded in the 200-3200 cm À1 range on a Renishaw InVia Microscope equipped with a Leica DM2600M microscope and a 20Â objective in a backscattering arrangement. A Renishaw 633 nm helium-neon laser with a maximum output power of 17 mW was used as the excitation source. Raman spectra were recorded using a CCD array (1024 Â 256 pixels) that was Peltier cooled to À70 C, and equipped with a notch lter for rejection of elastically scattered laser light. The power at the sample surface was 0.085 mW mm À2 across a 20 mm 2 area. Special attention was devoted to prevent damage to the sample from the laser.
Results and discussion
3.1 Raman modes of L-cysteine, MMTS and TCEP Fig. 1 shows the reaction schemes of MMTS and TCEP with Cys at room temperature. Reaction of Cys with MMTS forms product S1 containing a disulphide bond, and produces an MMTS residue. The disulphide bridge replaces the native thiol in Cys, resulting in a decrease in intensity of Cys SH stretching modes (2400-2500 cm
À1
) with a simultaneous appearance of strongly Raman active SS bending modes ($500 cm
) as disulphide bridges are formed. Fig. 1(b) shows the second step of the process where TCEP : HCl is added to the mixture to both lower the pH from 7 to 2 and break disulphide bonds formed by MMTS. TCEP is an effective reducing agent at mildly acidic pH, and reacts with a different mechanism of disulphide bond breakage compared to other sulydryl compounds such as DTT. 16 The TCEP-disulphide reaction is kinetically controlled and results in the production of free thiol groups when disulphide bonds are broken. The generated thiol functional groups are less chemically reactive because ionization is suppressed by the lowered pH, preventing the formation of a thiolate anion. 16 Therefore, cross-reaction of the thiol groups and reformation of disulphide bonds should be prevented. The nal step aer disulphide breaking is the irreversible oxidation of TCEP to form S2 in Fig. 1(b) . These reactions either individually or combined, are widely used in many applications such as synthesis of enzymes and the study of protein catalytic activity and conformation. 4, 6, 9, 12, 13 However, only indirect chemical methods have been employed to examine the thiol concentration in these studies, while no direct spectroscopy measurements have been conducted to examine the reactants or the products. Fig. 2 shows Raman spectra of Cys, MMTS, and TCEP dissolved in water. Identication of Raman active modes in these Fig. 1 (a) Schematic of L-cysteine reaction with MMTS to convert the cysteine thiol to a disulphide bond and produce product S1 (cystine). (b) Schematic of disulphide breakage to restore the thiol group of cysteine using TCEP, resulting in the irreversible oxidation of TCEP to form S2. L-Cysteine containing free thiols after disulphide breakage is labelled Cys2. reference materials provides a ngerprint of their structure. The Raman modes of Cys have been investigated in detail by Minkov et al. 19 and Pawlukojć et al. 20 Therefore, the Cys bands observed in Fig. 2 
19,20
Differently from the Raman modes of Cys, the vibrational modes of MMTS and TCEP have not been as thoroughly investigated. 13 However, their assignment can be undertaken by considering what types of stretching and bending modes in these molecules involve a change in polarizability and, therefore, are Raman active. 23 In MMTS, modes have been assigned as shown in Table 1 . CH stretching modes are found in the 2600-3200 cm À1 region. Two peak doublets are evident in this region of the MMTS spectra. vibrations can be observed, along with CS stretching modes in the 665-780 cm À1 region. 13, 24 These modes comprise the set of Raman active modes in liquid MMTS, and have been assigned by considering literature sources documenting the analysis of the vibrational spectra of related small molecules.
23-25
The Raman-active modes of TCEP : HCl are also shown in Fig. 2 Table 1 and had been previously found in relatively similar compounds in the literature. [23] [24] [25] These peaks can be used as ngerprints of TCEP, particularly the OH bending and C]O stretching modes, which are localized in the correspondence of carboxyl groups. A large number of additional bands are noticeable in the 250-1350 cm À1 region arising from C-C vibrations, including: wagging, twisting, and rocking modes, and possibly others. [23] [24] [25] Complex vibrations of this type are expected to be quite sensitive to molecular changes. The intensity of modes in this region drastically decreases when TCEP reacts with other compounds. For this reason, monitoring changes in the stable stretching and bending modes of sulphur containing groups has been preferred in our study.
Disulphide bond formation via MMTS
The formation of disulphides can be observed in detail using Raman spectroscopy to probe the vibrational modes of these bonds aer reaction of Cys with MMTS and TCEP. Fig. 3 shows Raman spectra of 0.10 M Cys : H 2 O aer mixing with MMTS : H 2 O at various concentrations. MMTS reacts readily with thiol groups and the changes in modes related to sulphur can be readily monitored as the formation of a disulphide bridge signicantly increases the number of sulphur related vibrational modes in Cys. When a low concentration of 0.01 M MMTS is combined with 0.10 M Cys, the SH stretching mode is strongly reduced in intensity [ Fig. 3(b) ] in proportion to the MMTS concentration, and an equal MMTS : Cys ratio is required to reduce SH modes to zero intensity. In the ngerprint region below 1000 cm À1 , conversion of Cys to S1 can be tracked through changes in CS stretching and SS bending modes. Additional bands centred at 338 cm À1 and 367 cm À1 representing SO 2 bending modes are also observed, and increase in intensity proportional to MMTS concentration. From their locations, these bands cannot be assigned to unreacted MMTS. Rather, they should be assigned to residual MMTS, containing one SO 2 group. The SS bending modes, consisting of a group of four peaks, each centred at 498 cm À1 , 503 cm À1 , 509 cm À1 , and 541 cm À1 are associated with cystine, the disulphide in S1, and the GGG and TGT torsional conformers of these disulphides, respectively. 21, 22 The 498 cm À1 peak from cystine shows a maximum intensity at a low concentration of MMTS, suggesting trace amounts of MMTS promote the formation of cystine rather than product S1. The CS stretching mode at 660 cm À1 in unmodied Cys is red shied to 684 cm À1 , and new CS stretching modes appear at 633 cm À1 , 670 cm À1 and 690 cm À1 due to both the MMTS residue and the S-CH 3 attached to Cys to form the disulphide bridge ( Table 2 ). The CH 3 group present in S1 also causes signicant changes to CH stretching modes at high wavenumber from 2900-3000 cm À1 . From Fig. 3(b) , Cys CH 2 modes are suppressed in favour of a strong CH 3 stretching band at 2916 cm À1 in molecule S1.
The change in structure due to the disulphide causes a shi in electron distribution into the disulphide group way from the rest of the molecule, resulting in a blue shi of 16 AE 1 cm
À1
from 2954 cm À1 in one CH 2 stretching band, and a red shi of 11 AE 1 cm À1 from 2982 cm À1 in the other. These spectra verify that MMTS quickly and efficiently produces disulphide bridges on Cys in an aqueous environment, to form product S1 without evidence of unreacted material. The small fraction of cystine present does not affect the reaction with MMTS. Notably, however, using trace amounts of MMTS promote the formation of cystine rather than the desired product S1.
TCEP interaction with modied L-cysteine
The disulphide bonds attached to Cys during the reaction with MMTS shown in Fig. 1(a) can be broken to result in thiol groups by mixing with TCEP. When TCEP : H 2 O solution (pH ¼ 1-2) is combined with a Cys : MMTS, a clear pH ¼ 2 solution is obtained with no precipitation. Fig. 4(a) shows Raman spectroscopy the lower wavenumber region of several Cys : MMTS : TCEP mixtures, showing many bands characteristic of both Cys and oxidized TCEP, which are the expected products of the reaction shown in Fig. 2(b) . Adding 0.01 M TCEP has a marginal effect on the vibrational spectrum, with SS bending and CS stretching Capping of the thiol group by MMTS is observed by intensity reduction of SH stretching modes. CH stretching modes are reduced in intensity in favour of a single prominent band at 2916 cm À1 arising from stretching vibrations in the CH 3 capping group, introduced by MMTS. ). These modes are slightly blue shied from the positions in pure TCEP due to oxidation. This is the origin of the P]O stretching mode observed at 1294 cm À1 that is present only if TCEP is oxidized, indirectly indicating that disulphide bonds have been broken.
In the 450-750 cm À1 region, CS and SS stretching modes undergo signicant changes when TCEP is mixed. The CS stretching features of compound S1, seen in Fig. 2(a) , undergo profound changes at TCEP : Cys ratios of 2 : 1 or higher. The ve features identied previously are present at the nal stage as two broad features at 633 and 680 cm À1 . The feature at 633 cm À1 is assigned to MMTS and methylthio residues from the disulphide bond breaking process. The feature at 680 cm À1 is a characteristic CS stretching mode of Cys, indicating the original structure has been recovered aer treatment with excess TCEP. Changes to SS stretching modes also indicate a recovery of Cys along with the breaking of disulphide bridges. As the concentration on TCEP increases, the intensity of SS stretching modes decreases sharply. At equal molar ratios of TCEP and Cys, the disulphide band at 503 cm À1 assigned to S1 is reduced to zero intensity, indicating that all disulphide bonds are broken. Unquestionably these results show TCEP efficiently breaks disulphide bonds in low pH solutions, but the SH stretching vibrational modes must be further analysed to conrm that free thiol groups result from the breakage. This feature is red shied relative to the prominent CH stretching mode in S1 originating from the -S-CH 3 group vibrating at 2916 cm À1 , verifying that S1 has been reacted completely with TCEP to produce unmodied Cys in the nal solution. SH stretching and bending modes of unmodied Cys also become detectable when an excess of TCEP is applied. The SH bending mode of Cys is noticeable at 941 cm À1 , and increases with increasing TCEP content, indicating that free thiols have been formed. This effect is corroborated by the presence of SH stretching modes in the 2400-2500 cm À1 region, which is demonstrated in Fig. 4(b) . Analysis of SH stretching modes is accomplished using peak tting with Voigt functions to account for both instrumental and lifetime broadening in the 2400-2600 cm À1 region. The tting reveals three distinct peaks centered at 2460 cm À1 , 2530 cm À1 , and 2573 cm À1 that are due to SH/O, SH/O]P, and SH/S stretching vibrations, respectively. The broadening seen in these features, to be compared with the sum of the individual molecules (Fig. 4(b) , magenta curve) reects a large distribution of vibrational frequencies due increased interactions in solution, in turn causing suppression of the band intensity as it is spread across a larger wavenumber range. The SH/O band is blue shied and suppressed in intensity relative to unmodied Cys (Fig. 2 ) due to interaction with oxidized TCEP in addition to water molecules. The new SH/O]P band appears from coordination with oxidized TCEP, and the SH/S band is unchanged compared to Cys shown in Fig. 2 . The presence of these bands and the lack of any shi in the SH/S band indicates that the Cys thiol group has been restored aer reaction with TCEP. Fig. 4(d) shows the integrated area of peaks in the 2400-2600 cm À1 region normalized to the area in Cys. The peak area decreases sharply with application of MMTS as disulphide bridges are formed. Breakage of these bonds using TCEP shows SH stretching mode intensity is recovered to 80% of its original value when a 2 : 1 TCEP : Cys ratio is used. Side-reactions on free thiols with oxygen to form disulphide bonds such as in cystine or reaction of TCEP with excess MMTS may account for the absence of SH stretching vibrations when lower concentrations of TCEP are used.
Conclusions
The reversible formation and cleavage of disulphide bonds on the thiol group of L-cysteine has been examined here in detail using Raman spectroscopy. MMTS was employed as an effective reactant to form a disulphide bridge in Cys. Disulphide bonds can be broken using a reducing agent, and TCEP is claimed be ideal in this application and is capable of producing free thiols on cysteines without back reactions. At a 1 : 1 ratio, MMTS is shown to completely convert all of the cysteine thiols into product S1 with disulphide bonds as indicated by an inverse relationship between the intensity of SH sand SS stretching modes. By contrast when a trace amount of MMTS is used, cystine is preferentially formed. TCEP was found to be effective at disulphide bond breakage, but free thiols on Cys are only evident when a molar excess of TCEP is used. Therefore, the process is found to be reversible and produce free thiols under the condition of excess TCEP. Raman spectroscopy is used to identify the modes of two reaction products S1 and S2 in aqueous solution resulting from disulphide formation in Cys and oxidation of TCEP, respectively. These results build on the body of knowledge concerning disulphide formation in cysteines, and provide a benchmark mode assignment for Raman spectroscopy of MMTS and TCEP. Cysteines and disulphides are integral components of many protein and enzyme synthesis applications, and Raman spectroscopy has been presented as an excellent tool to probe the activity of sulphur containing groups. The use of Raman spectroscopy to monitor thiol reactions is not limited to small molecule amino acids as discussed in this work, and can be extended to the study of other small molecules, peptides, and proteins without modication. Although the number of observed Raman modes increases with molecule size, any thiol or disulphide groups present will remain highly Raman active, and can be readily observed as a probe of thiol activity.
